Original scientific paper Unexpected severe hull deformation caused by the wave loads would significantly influence the dynamical behaviours of the propulsion system in large scale ships, resulting in degradation of the ship control performance. A new global sliding model control (GSMC) for marine water-hull-propulsion unit systems is proposed to obtain more accurate control performance in this paper. The GSMC was firstly employed to establish the marine propulsion control model with nonlinear uncertainties. In the GSMC model, the saturation function method is applied to eliminate chattering on the sliding surface. Then the Lyapunov stability criterion is adopted to confirm the stability of the control system. Following, for the first time, the boundary problem of the nonlinear model uncertainties were investigated quantitatively. The bounded nonlinear model uncertainties required in the proposed GSMC model, involving engine torque loss / variations, power transfer for various load conditions and shaft rotational speeds, were derived based on the experiments carried out on a marine shaft-line test-bed of the integrated propulsion system as well as a sea trial implemented for a running bulk carrier. An upper boundary of 1,85 % for the model uncertainty has been obtained, which would be introduced into the GSMC for the integrated marine propulsion system to derive the total control law realising the robust control of the system.
Introduction
The control of marine propulsion systems considering hull deformations has attracted a great attention due to the important effects of the propulsion system -hull interactions on the dynamic characteristic of the propulsion unit. Designs of marine propulsion systems are usually completed using an empirical process model without considering water -propeller -hull interactions [1, 2] . The rapid increase of ship sizes has made this type of coupling analysis extremely necessary for safety ship designs and operations. There are many difficulties for a traditional Proportional Integral Derivative (PID) controller to obtain the desired performance of marine propulsion systems [1, 3] while involving some inevitable uncertainties caused by the complex water -propellerhull interactions. As a result of this, the robust control strategy has been studied to obtain an effective control performance of marine propulsion systems considering internal / externals uncertainties and disturbances [4 ÷ 7] .
Interactions between the water, hull and propulsion system are the main sources of the model uncertainties imposed into the propulsion systems [8] , which causes strong nonlinear characteristics governing marine propulsion systems [1 ÷ 3] . Advanced nonlinear control methodologies with nonlinear objectives have been proposed, and the nonlinear compensation approaches have been proven to be effective in both track-keeping and course-changing maneuvers of marine vessels [9] . These nonlinear control methods include back-stepping schemes [10, 11] , state feedbacks [12, 13] , output feedbacks [14, 15] , etc. However, many of these nonlinear controllers belong to a model-based technique. Therefore, a big challenge research topic is generated for them to deal with unbounded modelling inaccuracies [1] . For this purpose, a sliding mode control (SMC) technique [16] was developed to provide a robust control for a nonlinear system without knowing its details of nonlinearities [4] .This is because the SMC only uses the upper bounds of the modelling inaccuracies to design robust controllers [17] . Both structured and unstructured uncertainties could be compensated efficiently by these controllers [18] .
The SMC has been widely used for robust control of nonlinear systems with uncertainties [19] due to its fast responses and robustness to any variations of system parameters [4] . Although the SMC does not require detailed information of the system uncertainties, it needs a good estimation of the uncertainty bound at the outset of the design for an effective stable control performance of the nonlinear system. For marine propulsion systems, such a bound cannot be easily estimated, so that most research reports [5, 6, 20, 21, 22 ] assumed a random uncertainty without its boundary definition. For example, combining the model following control (MFC) and internal model control (IMC) techniques, Brzózka [5] proposed an approach to control the ship engine speed. Numerical analysis has shown a high effectiveness of MFC/IMC approach for speed-keeping and speedchanging in the ship regulation. Xiros [6] presented an adaptive PID controller using H∞-norm tuning to make the ship governors against the propeller load fluctuation. Zhang and Ren [20 ÷ 22] designed an adaptive neural network based ship speed regulating simulation system to compensate the system uncertainties. To be cited but too many, the system uncertainties used in the reported methods are chosen as random, and therefore the uncertainty boundaries required for SMC are not investigated. Furthermore, in the base of our knowledge, some relevant studies considering the effects of uncertain parameters on the modelling of the marine propulsion systems caused by interactions between the water, hull and propulsion unit have not been found.
In order to develop a practicable tool for a high performance control of the marine propulsion system, it is crucial to investigate the boundaries of the model uncertainties of the marine propulsion system caused by interactions between the water, hull and propulsion unit, from which a good estimation of the upper boundary of the system uncertainties can be obtained to design a stable and effective SMC controller for the robust control of the marine propulsion system. This paper intends to address the mentioned issue by developing a global sliding mode controller (GSMC) for the marine propulsion systems with bounded nonlinear model uncertainties. The upper boundary of the dynamical uncertainties of the system involving the water-hull-propulsion unit interactions is investigated and obtained based on the marine propulsion system test-bed experiments and sea trials. A new method of GSMC accommodating the model uncertainties for marine propulsion systems is proposed and studied. Numerical studies using the real bulk carrier parameters are completed to demonstrate the efficiency of the proposed control system.
Design of global sliding model controller
The operation condition of the marine propulsion may be influenced significantly by the coupled effect between the water and hull. The wave loads and the hull deformations will induce severe vibration and large deformation of the propulsion system [8] . Consequently, the dynamics of the marine propulsion system present strong nonlinear uncertainties [1] . In order to compensate the system uncertainties, the GSMC is introduced into the robust control of the marine propulsion system.
Controller design
The marine propulsion model subjected to external nonlinear uncertainties has been discussed in our previous work [1, 2] . The model with nonlinear uncertainties can be expressed as [1] (1) where, M R , M e and M p are the rated engine torque, engine output torque, and propeller load torque, respectively; ω R and ω r are the rated engine rotational speed and its relative variation; L R and L r are the maximum stroke of the fuel pump rack and its relative variation; in (1) can be approximated according to the engine operation characteristic curves [21] . It can be seen in (1) that the uncertain parameters k s and ζ may be the source of system uncertainties. Due to the influence of k s and ζ, the engine output torque and the propeller load torque will suffer from variations according to items
. As a consequence, the dynamics of the propulsion will be influenced by the coupled effect presented in item (1) . Actually the parameters k s and ζ are determined by the wave loads outside the ship, which means all the variations and uncertainties of the propulsion system are caused or induced by the external stochastic excitations, through the interaction of the water, ship hull and propulsion system. This coupled effect between the water, ship hull and propulsion system attributes to the particular operation environment of the ship in the sea.
In order to design the control system for the marine propulsion system, (1) need to be rewritten in the form of state-space. Since in the stable operation process the
, we firstly rewrite (1) into the following form:
Where, ,
Let the engine speed be ω in the stable operation process to replace ω R , since ω r is the variation of the engine rotational speed, i.e., ω ω  = r , (2) could be rewritten as (3) One can notice that to a certain degree the term of K 1 imposes uncertainty on the propulsion system due to the existence of term k s in K. Similarly, the term propeller torque ζ, respectively. No matter how these uncertainties could influence the marine propulsion system, (3) has taken the interactions between the water, hull and propulsion unit into account to model the dynamics of the propulsion system as much as accurate. For the purpose of simply analysis, we redefine the dynamic model (3) into a more universal framework as
where, Q denotes the oil injection; ( ) 0 p t > denotes the system uncertainty subjecting to the propulsion; ( ) 0 h t > denotes the system uncertainty subjecting to the hull; ( ) 0 c t > denotes the system uncertainty subjecting to wave loads. The control problem in (4) is that the engine speed ω is controlled to follow a specific speed reference by actuating the oil injection Q . Usually, the boundaries of ( ) p t and ( ) h t could be predicted by prior experience and professional knowledge while the boundaries of ( ) c t could be estimated by access the variation of the engine output power / torque. Assume
where, a and b are boundaries of uncertainties subjecting to the propulsion and hull, respectively; c is the upper boundary of the external wave loads. Let the speed tracking error be
where, ω  is the speed reference. The global sliding model surface then can be designed as ( ) s e e f t λ = + − 
where, λ needs to be specified and the global sliding model function ( ) f t subjects to 
Specifically, in this paper ( ) f t is designed as
where, α and β need to be specified. Hence, we can derive the global sliding model control law
where, 
where, 1 ε < is a small positive constant. The saturation function sat( ) s is used to alleviate the chattering of the sliding model surface. 
The stability proof of the control law
Then we can get (18) Refer to (5), (12) and (13) we can get
Considering (11) and (14) it suggests
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That is (22) indicates that for any given uncertain p(t), h(t) and c(t), the control system is asymptotically stable. Hence, this completes the proof.
Determine the boundary of model uncertainty
It is noticeable in Theorem 1 that to a certain degree the stability of the control system relies on the system uncertain parameters p(t), h(t) and c(t). Since parameters p(t) and h(t) are usually involved with the actual coefficients of the propulsion system, they could be predicted by prior experience and professional knowledge according to the system coefficients. However, the uncertain parameter c(t) is induced by the external unknown excitations of the wave loads and hence it is difficult to estimate it by prior experience and professional knowledge. It is believed that the modeling uncertainty c(t) will significantly influence the accuracy of the possible responses of the control system. To well compensate the external perturbation c(t), both experimental investigation and sea trial have been carried out in this paper to determine the uncertainty upper boundary C to ensure the control stability and control performance.
Experiments
The experiments have been carried out on a marine shaft-line test-bed to investigate the influence of wave loads on the engine power transfer. Fig. 1 shows the overall of the experimental system. The system consists of a drive motor and the speed controller, a crank set, a marine shaft line with three support bearings, a wave loading system on the end of the shaft line, and a signal acquisition system. The wave loading system can simulate the varying wave loads from vertical, horizontal and axial directions. The signal acquisition system adopts the Kongsberg Shaft Power Meter (MetaPower) to measure the shaft torque and power transferred from the main engines to the propellers [23] . Fig. 2 shows the MetaPower system. The MetaPower system adopts two optical-fibers to transmit light signal to on-line detect the torsion of shaft and calculate the torque and power values. In order to investigate the uncertainty upper boundary C, we have discussed the influence of the load and speed variations on the engine power transfer in the experiments. This is because the interaction between the shaft line and wave loads is dual. The variation of the wave loads will influence the shaft speed while the variation of the shaft speed will influence the wave loads. The analysis result in Fig. 3 shows that the torque fluctuation of the shaft line is obviously influenced by the load variation. The engine torque loss could reach to 1,04 % of the input power according to the calculation result using MetaPower.
The analysis result in Fig. 4 shows that the torque fluctuation of the shaft line could be influenced by the speed variation but not that strong as the load variation. The engine torque loss could reach 0,24 % of the input power according to the calculation result using MetaPower.
Sea trial
The sea trial for the shipboard measurement is carried out in a 67,300 Tons bulk carrier named "Anguo Shan". The ship parameters of "Anguo Shan" are listed in Tab. 1. The environment parameters in the sea trial are listed in Tab. 2. The torque meter is installed on the shaft to measure the shaft power under different engine load conditions.The measurements are shown in Fig. 5 .
It can be seen in Fig. 5 that the engine power fluctuation is influenced by the load condition greatly. The maximum engine power fluctuation rate of 50 %, 75 %, 90 % and 100 % load conditions could reach 1,85 %, 1,52 %, 1,13 %, and 0,66 % of the engine power, respectively. Compared with the experimental test results, the power fluctuation of the propulsion system in sea trial is larger than that of the experimental tests. This is because the wave loads in the real sea are more complex than the simulated ones in the experiments. However, in the load variation tests in the experiment the maximum engine power loss rate is 1,04 %, which is close to the sea trial results. Hence, the experiment tests could correctly and reliably simulate the dynamics of the marine propulsion system subjected to the coupled effect of the wave loads, hull and the propulsion dynamics. As a result, a fiducial upper boundary of 1,85 % of the engine power loss can be determined for the model uncertainty c(t).This uncertainty upper boundary will be incorporated into the GSMC to provide robust control performance of the ship speed governor. Figure 5 The measurements of the "Anguo Shan" ship in the sea trial
Conclusion
The coupled effect between the water, ship hull and propulsion system has been increasing with the rapid increase of the size of the marine vessels to threaten the control efficiency of the ship speed governors. Alternative nonlinear control methodology is crucial for high performance control of the marine propulsion system under uncertainty. The global sliding model control (GSMC) technique enables one to design a robust controller against system uncertainties in a practical way. However, before designing the GSMC controller for the marine propulsion system it needs to handle the uncertainty boundary problem. The contribution of this work is that for the first time the uncertainty boundaries of the marine propulsion system under interaction between the water, ship hull and propulsion has been investigated by both experiments and sea trials. The analysis results demonstrate that a fiducial upper boundary of 1,85 % was characterised to the model uncertainties of the GSMC model. Based on this finding, a robust nonlinear controller could be developed to enhance the ship control performance against the waterhull-propulsion interaction.
Further, we have investigated the control performance of the proposed robust GSMC model in Part 2: Controller Validation. 
